Experimental distribution of entanglement via separable states 
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Information gain in communication is bounded by the information encoded in the physical systems 
exchanged between sender and receiver. Surprisingly, this does not hold for quantum entanglement, 
which can increase even though the communicated system carries no entanglement at all. Here 
we demonstrate this phenomenon in a four-photon experiment where two parties sharing initially 
separable (unentangled) state get entangled by exchanging a photon that is at all times not entan- 
gled with either of them. Our result validates a long-standing assert in quantum information and 
has important practical implications in quantum networking, where entanglement must be reliably 
distributed across many nodes at low resource-cost. 



PACS numbers: 

INTRODUCTION 

Communication is the exchange of physical systems 
aimed at establishing correlations between the communi- 
cating parties. In most circumstances we are interested 
in the total amount of correlations, i.e. the mutual infor- 
mation, between the sender and receiver \Xi . Information 
theory can thus be used to make statements governing 
any communication process [51 [3] . One of the most fun- 
damental of them claims that the gain of information 
achieved by communicating parties cannot exceed the 
amount of information that is actually transmitted [H [5] . 
Beside agreeing fully with everyday experience, this ad- 
heres well with the expectation that in a communication 
protocol no form of correlation can be established with- 
out transmitting that kind of correlation. 

Remarkably, quantum physics defies our intuition in 
this case too. As shown for the first time by Cubitt et 
al. [H] , quantum entanglement , which is a purely non- 
classical type of correlation enabling tasks such as quan- 
tum teleportation [5], secure cryptography [5], improved 
communication complexity [lOj , and quantum dense cod- 
ing [TT], can be established between distant parties by 
exchanging a carrier system that, at all times, is not en- 
tangled with them. 

This result is particularly relevant for designing effi- 
cient methods to distribute entanglement across networks 
of non-interacting quantum systems [12]. Two protocols 
have been identified to achieve this goal: the transfer of 
pre-available entanglement to chosen nodes of the net- 
work [ini m] , and the quantum communication scenario 
discussed above based on the exchange of a carrier quan- 
tum system. In the latter case, all the quantum algo- 
rithms relying on entanglement can actually be imple- 
mented without communicating any entanglement. 



In such a scenario, the gain in entanglement between 
communicating sites is bounded from above [3 [IS] by 
the amount of communicated nonclassical correlations as 
measured by quantum discord (I6l I17j . Discord can be 
present also in separable states giving rise to the possi- 
bility of entanglement distribution via separable states. 

Here we demonstrate this concept experimentally by 
implementing the protocol proposed in Ref. [15] on a 
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FIG. 1: (Quantum) communication scenario. Alice locally 
interacts her system A with the carrier system C, which is 
then sent to Bob's site. If all the particles are quantum, it 
is possible to establish entanglement between their respective 
laboratories even though there was no initial entanglement 
between them and no entanglement is communicated. This 
is accomplished as follows: In step (1), the fully separable 
initial state of the three systems is prepared. In step (2) 
Alice applies a suitable operation on A and C, which keeps 
the latter separable from the rest of the systems but creates 
entanglement between A and joint system made out of B 
and C together. In step (3), the unentangled carrier C is 
transmitted to Bob. As shown in panel (4), this establishes 
entanglement between the laboratories of Alice and Bob. 



2 



quantum optical platform based on the use of single- 
photon polarisation qubits. Using the polarisation de- 
gree of freedom of a three-photon quantum register, we 
show that an initially separable, yet discorded, state of 
two photons can be transformed into an entangled one 
using only local operations that never generate entangle- 
ment between themselves and the communicated carrier 
photon. Our experiment proves the tantalising possibil- 
ity to establish quantum channels among the nodes of a 
quantum network without the need of previously avail- 
able entangled resources. 

THEORY 

A typical communication scenario is depicted in Fig. [T] 
Each of two distant parties, Alice and Bob, holds a quan- 
tum system, which we label A and B respectively. Under 
the transmission of a carrier quantum system C, encod- 
ing communication from Alice to Bob, the information 
gain between their respective laboratories satisfies the 
inequality [5] 

-^final -^initial — -^comni) (1) 

where lanai is the information between Alice and Bob af- 
ter Bob has received system C, linitiai is the information 
shared before the communication protocol, and Icomm 
is the actual information carried by C. By introducing 
the quantum mutual information Ix-.y between two gen- 
eral systems X and Y we can identify Ifinai = ^a-.cb, 
^initial = ^AC-.B, and Icomm = ^AB-.C- As cxpectcd, the 
gain Ifinai — 2^initiai cannot exceed the information carried 
by system C, which is the communicated information. 

A similar relation for quantum entanglement £ cannot 
be stated: the entanglement gain is not bounded by the 
communicated entanglement but rather by the communi- 
cated quantum discord, a more general type of quantum 
correlations (5i|15j. In particular, we can write 

^final ^initial — ^commi (2) 

where, using a notation similar to the one introduced 
before and indicating with Sx-.y the relative entropy of 
entanglement between systems X and Y [12], f initial = 
£ac:B and ffinai = £a:CB refer to situations before and 
after the communication process, respectively. With 
these choices, in Eq. ^ the communicated discord 
2^comm=2^AB|c is quantified by the relative entropy of 
discord [20], which is also known as the one-way quan- 
tum deficit [H]. 

The fact that discord quantifies a more general type 
of correlation opens up the possibility to create entangle- 
ment between remote parties via separable states alone. 
Indeed, the bound in Eq. ^ is achieved in the protocol 
presented in Ref . [5] , albeit in general the communicated 
discord does not provide a tight bound on the entangle- 
ment that is correspondingly gained [5] [TB] . To the best 



of our knowledges such a general tight bound is currently 
unknown. 

In the protocol realised here, the two-level particles A 
and B are prepared in a separable state aAB that is a 
mixture of the four Bell states |V'±) = ^(|01) ^ |10))ab 
(each occurring with probability ) and |0±) ^(|00)± 
(with probability of occurrence p^j-). Such a 
state is separable if and only if the highest probability 
in the mixture does not exceed 50% 22J. The two- level 
carrier system C is initially with Alice and is uncorrelated 
from the other systems, so that the overall initial state 
is taken as a = aAB €5 ac- Here ac = ^(l + Cx<Tx) 
with 1 the identity matrix, (Jx the Pauli x matrix, and 
Cx € [-1,1]- 

Alice now generates the state (3 = Vac a T^ac ^P" 
plying a controUed-phase gate Vac on her systems. The 
carrier qubit should remain separable from the other sys- 
tems, i.e. we require Sab-.c^I^) = 0, while system A 
should become entangled with the subsystem composed 
of B and C (that is, we should have £a:Cb{P) > 0). Fi- 
nally, system C is transmitted to Bob and in this way 
the laboratories of Alice and Bob share entanglement. 

The description so far leaves room for the choice of 
the initial state, which should be taken as one that guar- 
antees a sizeable degree of entanglement in the A\CB 
bipartition, keeping C separable, after the protocol. A 
possible instance is given by the AB separable state 

"-45 = -^^IZjZj) {ZjZj\ + - ^^IXjXj) {XjXjl 
3=0 ]=0 

I 1 

3=0 

which is a mixture of two-qubit states formed by the 
eigenstates \kj) of Pauli operators ak, with eigenvalue 
(—I)-'. As a measure of entanglement we use the neg- 
ativity A/" [53]; which is defined as the most negative 
eigenvalue of the matrix obtained from /3 under par- 
tial transposition of system A [21]. Within the class 
of initial states a on which one applies controlled-phase 
gate, the state built using Eq. ([S]) and = gives 
■^A\BC — —1/16 = —0.0625, which is the highest amount 
of distributed entanglement via separable states. We 
choose to focus on the negativity because its presence in 
state (3 guarantees that (i) the entanglement established 
between the sending and receiving laboratories can be 
localised into entanglement between systems A and B 
only using local operations performed at Bob's site [S], 
and (ii) such localised entanglement is distillable [53]. 
Therefore, by repeating this protocol a sufficient num- 
ber of times and performing entanglement distillation, 
one can in principle obtain maximally entangled pairs 
between Alice and Bob, although no entanglement has 
been shared between them. 
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FIG. 2: Entanglement distribution scheme, (a) Equivalent 
quantum circuit diagram for our protocol, (b) Two pairs 
of single photons are created via spontaneous parametric 
downconversion in a /3-barium borate crystal (BBO) pumped 
by a frequency-doubled femtosecond Ti:Sapphire laser at 
820 nm. One photon serves as a trigger, while the other 
three are initialised with polarising beamsplitters (PBS), half- 
wave (HWP) and quarter- wave plates (QWP). The photons 
representing systems A and C are subjected to a probabilis- 
tic controlled-phase gate based on two-photon interference at 
a partially polarising beamsplitter (PPBS) [26]. Projective 
measurements are made with a combination of HWP, QWP 
and PBS, and detected by single-photon avalanche photodi- 
odes (APD) connected to a coincidence logic. 

EXPERIMENT 

The circuit diagram in Fig. [2^ shows the conceptual 
implementation of the described protocol, while the ex- 
perimental setup is shown in Fig. [Sja. Using four single 
photons (one as a trigger, the other three as the qubits 
A, B, and C), we prepare the discorded state uab and 
the mixed state ac by summing up individual pure-state 
terms, with measurement acquisition times correspond- 
ing to the weights in Eq. ([3| (similar technique has been 
used e.g. in Ref. [21] )• This approach guarantees that the 
initial state is separable. Systems A and C are subjected 
to a photonic controlled-phase gate |26j prior to perform- 
ing a full three-qubit quantum state tomography on the 
output state Pabc The total integration time was 

387 hours, during which we counted ~30, 000 four-fold 
coincidence events. The experimentally obtained density 
matrix, whose fidelity with the ideal state is J-"cxp=0.98, 
is shown in Fig. [3j To estimate the uncertainty, we gen- 
erate 10"* samples with Poisson-distributed random noise 
added to the raw data. The corresponding reconstructed 
density matrices are used to evaluate an average fidelity 
of J"cst=0.967±0.007, which is extremely close to the ex- 
perimental value. 

The next step is to use the density matrix to calcu- 
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FIG. 3: (a) Experimental density matrix of the output state, 
Pabc, obtained via three-qubit state tomography, (b) Ideal 
density matrix Pabc- 



late the entanglement in the relevant bipartitions: for 
the bipartitions B\AC and C\AB, which are separable 
according to the theoretical protocol, the smallest eigen- 
values of the partially transposed density matrices should 
be exactly zero. In practice, due to experimental imper- 
fections and the statistics of limited photon count rates, 
it is likely that such eigenvalues for the experimentally re- 
constructed states could have a (small) negative nominal 
value, which would make such instances compatible with 
entangled bipartitions. To conclusively prove that the 
bipartitions B\AC and C\AB are separable, we add in- 
creasing amounts of white noise to the initial state, which 
thus becomes cxabc = (1 — p)aABC + f^s {p & [0, 1]). 
White noise contributes no correlations, so this raises the 
value of the smallest eigenvalues of partially transposed 
density matrices, as shown in Fig. |4^. A similar method 
was previously studied to assess the generation of bound- 
entangled states [?7] . 

For no added noise, the smallest eigenvalues of the 
partially transposed experimental states suggest that the 
protocol is successful: AfA\BC is clearly negative and both 
■^B\AC and Afc\AB are non-negative. However, as shown 
by the shaded bars in Fig. |4^, out of the 10'' states sim- 
ulated for the error estimation only 17.4% have the re- 
quired features at the relevant bipartitions. Fig.|4|D shows 
that the proportion of such states rises rapidly with the 
addition of only a small amount of white noise: 96.5% 
of the sampled matrices fulfil the requirements for a suc- 
cessful protocol already at p=0.1667. Note that this is a 
conservative estimate: as the histograms in Fig. |4j: make 
clear, the data (indicated by the solid coloured bars) 
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FIG. 4: (a) Estimated minimal eigenvalues of the partially transposed experimental density matrices for a range of white noise 
admixture p. The symbols for the experimental data points and their associated uncertainties are given as shaded rectangles. 
The dashed (dash-dotted) black lines show the theoretical values for the unentangled, C\AB and B\AC , (entangled A\BC) 
bipartitions, assuming an infinite number of counts, (b) Proportion of numerically sampled states for which the smallest 
eigenvalue for bipartition A\BC is negative and positive for both B\AC and C\AB. The solid line shows the proportion for 
the numerically sampled states obtained by adding Poisson-distributed noise to the state (1 — p)Pabc + f I3 for 50 different 
values of p, where Pabc is the experimentally obtained state, c) The histogram on the right shows the experimental data at 
p ~ 0.1667 (solid lines) compared to the distribution of minimal eigenvalues obtained from 10* numerical state reconstructions 
based on Poissonian counting statistics, (d) Box-and-whisker plot showing the fidelity distribution of the theoretical state with 
the aforementioned numerically simulated states at a value of p ~ 0.1667, the whiskers indicate maximum and minimum values. 
The small box shows the fidelity of the experimentally obtained state to the ideal one. 



consistently lie in the upper part of the estimated error 
range. This skew can be understood by considering the 
fidelity of the experimental state at p=0.1667 with the 
ideal state, Pabc- As the nominal value of the fidelity is 
very close to unity (J^=0.98), simulating a Poisson dis- 
tribution with limited count statistics is likely to lead to 
lower fidelities, pushing the estimates to below the mea- 



sured values, see Fig. |4ji. 

The minimum eigenvalues of the partially trans- 
posed experimental states at maximum amount of 
added noise are 7V°'[Pp=-0.0172, 7V°'[Pp=0.0202, and 
A/'p^^g=0.0271. By repeating the limited-count analysis 
in an otherwise ideal case, in the Appendix 3 we show 
that the skew and the clear splitting between the posi- 
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tive values seen in Fig. [4^ are not artefacts of imperfect 
state preparation or gate operation. Moreover, in order 
to exclude the possibility of entanglement distribution 
via bound entangled states [53], in Appendix 2 we also 
provide the explicit decomposition of the experimental 
states in terms of convex sums of separable states of the 
C\AB bipartition. 



APPENDIX 

Here we provide a detailed analysis of the techniques 
used to reveal the separable nature, across the C\AB 
bipartition, of the states that have been produced exper- 
imentally. 



CONCLUSIONS 

We have experimentally demonstrated that distillable 
entanglement can be established between parties who ex- 
change only unentangled systems. The success of our 
protocol is confirmed by the thorough data analysis per- 
formed in our study, which proves unambiguously the 
entangled nature of the A\BC bipartition and the sep- 
arability of the other two. Needless to say, an equally 
interesting albeit weaker statement on entanglement dis- 
tribution via bound-entangled states would be possible 
by having C\AB a bipartition with positive partial trans- 
position yet not separable. 

Our experiment demonstrates that entanglement- 
based quantum information protocols can be executed 
without communication of entanglement and might pave 
the way to bypassing the detrimental effects of noisy 
mechanisms affecting a quantum channel. In fact, the 
transmission of separable states would result in more ro- 
bust protocols than those based on communicated quan- 
tum entanglement. 



Appendix 1: The ideal case 

We begin with the ideal theoretical case and later will 
apply some of the techniques discussed here to the ex- 
perimental density matrices. 

Consider the initial state of system formed by qubits 
A and B 

aAB ^\ \HH) {HH\ + \ \VV) {VV\ + \ \DD) {DD\ + 



1 



1 



1 



\AA) {AA\ + - |00) (00| + - |00) (00| , 



(4) 



where \H) {\V)) denotes horizontal (vertical) polarisation 
state, \D) {\A)) denotes 45° (135°) linear-polarisation 
state, and |0) (lO)) denotes right (left) circular polar- 
isation state 



\D) 
10) = 



1 



V2 



/l^> + |V^)), 



10) 



1 



V2 



\H) 



i\H) 



\V)), (5) 
^\V)m 



These are the embodiment of the logical states 
{Izq) , |zi)}, {|xo) , |a;i)}, and {|yo) , |yi)} introduced in 
the main manuscript. The carrier qubit is initially in the 
state: 
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Note added. During the completion of this work we 
became aware of an independent demonstration of the 
phenomenon discussed here based on the use of continu- 
ous variable systems |30) . 



After applying a controUcd-phase gate on qubits A and 
C, the overall system's state becomes 
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(8) 

where the density matrix is written in the standard ba- 
sis and the dots represent zeros. This state is entangled 
across the cut A\BC as revealed by the partial trans- 
position criterion: the smallest eigenvalue of the cor- 
responding partially transposed density matrix equals 
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— jq= —0.0625. The state is also separable across the 
C\AB cut, as shown by the following explicit decompo- 



{IV'''') , I'/'"'')} represents the standard Bell basis and 
\(b^')^j-,i\HH)±t\VV)). 

Appendix 2: Separability of the experimental data 

In the experiment, additionally to producing states 
close to the ideal state PabCi we also prepared the set of 
states with increasing amount of admixed white noise. 
All of such states are entangled in the cut A\BC, as 
demonstrated in the main text by the existence of a nega- 
tive eigenvalue in the spectrum of the matrix obtained af- 
ter partial transposition of A. Figure 4a of the main text 
also shows that the other two cuts are associated with 
states having positive eigenvalues after partial transposi- 
tions. As this criterion is not a necessary and sufficient 
one for three-qubit states, this does not exclude the pos- 
sibility of having bound entanglement in the one of the 
cuts that is positive under partial transposition. 

Therefore, in order to exclude the possibility of per- 
forming entanglement distribution via bound entangled 
states, we explicitly show separability across the bipar- 
tition C\AB by constructing a separable decomposition 
of the corresponding states, in analogy with Eq. To 
this end, we use the following algorithm: 

1. We generate a set of random product states for the 
chosen cut and use them to complement the set of 
product state vectors that enter the decomposition 
given m Eq. ^. 

2. We write a separable state as 

PAB\C ^^P]\T^j) {'^3\^ (10) 
3 

where j is a label for the chosen separable states 



sition into product states for this bipartition where 



(9) 

I 

\iTj) discussed at step 1), and pj are the associated 
probabilities of occurrence {J^jPj = !)■ 

3. We equate this expression with the experimental 
state and numerically solve for Pj 's. 

Only about 3000 product states are sufficient to ffnd ex- 
plicitly the separable decompositions of all experimental 
density matrices reported in the main manuscript and 
thus wash out any possibility for bound entanglement. 
The protocol is thus faithfully based on the use of sepa- 
rable states. 



Appendix 3: Statistical effects of limited photon 
counting 

Our error analysis showed that our data points. Fig. 
4, lie slightly outside the most likely range obtained 
via the standard method for single-photon experiments: 
maximum-likelihood estimation of states with simulated 
Poissonian noise added to the obtained photon counts. 
In addition, we observe that the minimum eigenvalues 
for the unentangled bipartitions split, with B\AC having 
a more negative bias than C\AB. 

In Fig. 5, we present results of a similar analysis start- 
ing with ideal states and an ideal gate operation. These 
numerical simulations show the same effects, highlighting 
that they are not an artefact of non-ideal state prepara- 
tion or gate imperfections, but solely due to statistics 
based on limited photon counts. 
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Pabc = ^\HH){HH\(E>\A){A\ + ^\VV){VV\^\D){D\ 
lb Id 

+ I k+) ('^+1 ® 1^) (^1 + 1 \r) {r\ ® 1^) {v\ 

+ ^ \HV) {HV\ ® \A) {A\ + ^ \VH) {VH\ ® \D} {D\ 
+ ^ \HV) {HV\ ® 10) (01 + ^ \VH} {VH\ O |0) (0| 
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FIG. 5: Minimum eigenvalues vs noise parameter p for dif- 
ferent cuts of the density matrix. The dashed (dash-dotted) 
black lines show the theoretical values for the unentangled, 
C\AB and B\AC, (entangled A\BC) bipartitions, assuming 
an infinite number of counts. The solid blue, green and 
red lines show the eigenvalues obtained from reconstructed 
density matrices starting with the ideal theory states but 
simulated with equivalent finite count statistics to those in 
the experiment. The shaded regions show the one-standard- 
deviation range obtained from adding Poissonian counting 
statistics to the ideal states. We observe a similar offset from 
theoretical states simulated with infinite counts, as in the ex- 
perimental data (see Fig. 4 in main text), including the split- 
ting of the eigenvalues for the unentangled cuts. Each data 
point is calculated from 1000 simulated density matrices at 
50 separate noise values. 
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